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The concentration and dispersion of metal clusters in metal-supported catalysts are essential for the
performance of hydrogenation catalysts. In this study, very high concentrations (~25 wt%) of well-
dispersed Pt nanoparticles of the face-centred cubic crystal structure with a mean diameter of ~1.7 nm
were prepared in zeolite-templated carbon (Pt/Y-carbon). The defined 3D porous structure of Pt/Y-carbon
formed by nanocasting of the zeolitic channel system and characterised by a specific surface area (~2440
m? g™} comparable to the theoretical surface area of graphene and accessible through 3D organized pores
accommodates Pt nanoparticles with high dispersion and specific activity in hydrogenation of benzene to
cyclohexane at Pt loadings from 3 to 25 wt%. It provides a multiple increase in the concentration of active
Pt sites and a corresponding increase in the TOF and conversions in the hydrogenation reaction. The
productivity of the most active catalyst reaches a value of 1.06 x 1075 mol ge,* st The study
demonstrates a novel concept for the creation of catalysts with a very high concentration of metal clusters

dispersed on the support with

rsc.li/catalysis

1. Introduction

Hydrogenation of aromatics is a catalytic process that is
especially important for the production of caprolactam and
adipic acid via cyclohexane' and for the reduction of the
content of aromatics in automotive and aviation fuels.>® The
hydrogenation of aromatics and their subsequent
dehydrogenation is also one of the promising ways of long-
term storage of green hydrogen.*” The hydrogenation of
benzene is significantly more difficult than the hydrogenation
of alkenes or alkynes. The benzene molecule is characterized
by delocalization of p-electrons in a p-electron sextet with
uniform electron density and identical bond length between
all adjacent carbon atoms.® The conjugated double bond
system in the benzene molecule is formal and double bonds
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readily accessible 3D organized pores for

reactions catalysed

heterogeneously by supported metal nanoparticles.

are not present in the molecule.® The bond length between
carbon atoms in benzene of 0.139 nm is longer compared to
the typical double bond length of 0.134 nm in alkenes. The
delocalization of electrons in the benzene molecule compared
to the theoretical analogue with conjugated bonds is
associated with a delocalization energy of 151 kJ mol™ and
the molecule is much more stable compared to molecules
with double bonds.’ The hydrogenation of benzene thus has
a large activation energy, and its progress in the range of

thermodynamically favourable temperatures for
hydrogenation requires the presence of a highly active
catalyst.

The reaction of benzene hydrogenation is structurally
sensitive, where the properties of the metal clusters in the
catalyst affect the reaction rate and selectivity. Studies of
single crystal and nanoparticle platinum with a defined shape
have shown that hydrogenation of benzene on the Pt(100)
surface leads to the formation of cyclohexene and
cyclohexane, while the Pt(111) surface provides exclusive
selectivity for cyclohexane.'® The significantly higher activity
observed for Pt nanoparticles compared to the single crystal
surface observed by Bratlie et al.'' was attributed to the
presence of corner and edge sites on the nanoparticles or a
change in the electronic structure of the deposited Pt
nanoparticles. Bratlie et al. showed that the electronic and
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structural properties of the Pt cluster influence the adsorption
strength of the benzene molecule on the Pt surface from
physical adsorption to chemisorption, resulting in variations
in catalytic properties.'?

Traditional catalysts for hydrogenation under mild
conditions for clean hydrogen sources are based on well-
dispersed clusters of precious metals (Pt, Pd, and Rh), most
often on activated carbon or alumina. In this study, we
investigated the possibilities of using Pt clusters deposited
on a 3D graphene-like organized structure of zeolite-
templated carbon (ZTC) for the preparation of hydrogenation
catalysts. ZTC materials are characterized by a very large
specific surface area, structural stability, and accessibility of
the entire surface due to the regular organization of the
porous structure.”® The structure of ZTC materials at the
molecular level was described by Kim et al.** They showed
that ZTC is built systematically from hexagonal rings of
carbon atoms like a 3D graphene along the surfaces of zeolite
pore walls with the presence of five- or seven-membered rings
and various degrees of imperfections forming a 3D inverse
replica of the zeolite channel structure. The unique
properties of ZTC materials have already been used to

develop nanostructured materials for the storage of
hydrogen'>™” and CO, adsorption'>'® and for the
development of supercapacitors,’® whose properties

significantly exceed those of other materials. The advantage
of 3D graphene-like zeolite-templated materials is that they
can be prepared in large volumes, enabling their use in
catalytic processes.”® The potential of using ZTC for the
development of heterogeneous catalysts has so far been
investigated only to a very limited extent.*'

We investigated the effect of a 3D carbon structure
characterized by a very large specific surface area of ~2400
m?> g”" on the dispersity of Pt, as well as the effect of the
interaction of Pt clusters and the 3D graphene-like carbon
material on the specific activity of Pt in benzene
hydrogenation, to obtain a hydrogenation catalyst, which,
with its high activity, would help reduce the reaction
temperature in benzene hydrogenation. This is important for
an energetically more efficient hydrogen storage process in
liquid hydrocarbons. The study shows that ZTC enables the
creation of stable hydrogenation catalysts with an
extraordinary concentration of active centres and a specific
activity that is not achievable for traditional catalysts.

2. Experimental
2.1 Synthesis of Pt-catalysts

The nanocasting method using faujasite (FAU) zeolite (NH*"
form, Si/Al = 6, Zeolyst Int., PN CBV712, LN 712014001708) as
a hard template and chemical vapour deposition with
propylene (C;Hq-CVD) was used to prepare the ZTC material
denoted as Y-carbon. The ammonium form of the zeolite (0.5
g) was first treated in a quartz plug flow reactor with a zeolite
bed height of 0.5 cm in a helium stream (95 ml min™") at 750
°C for 15 min with a heating rate of 3 °C min™"; the He
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stream was then replaced by a stream of 5% C;Hg in He (100
ml min™") for 2 h at the same temperature, after which the
stream was replaced with a stream of pure helium and the
temperature was increased to 900 °C for 3 h at a heating rate
of 4 °C min™". The resulting composite was cooled to RT in a
stream of helium. The Y-carbon material was obtained by
dissolving the zeolite template in the obtained carbon/zeolite
composite in three steps. First, 0.5 g of the composite was
mixed with a hanging stirrer in a plastic beaker with 175 ml
of a 5% aqueous solution of hydrofluoric acid for 5 hours;
after decantation, the material was stirred with 30 ml of a
42% aqueous solution of hydrofluoric acid for 1 hour and,
after decantation, the material was finally stirred with 30 ml
of 37% aqueous solution of hydrochloric acid for 1 hour. All
leaching was performed at room temperature. The Y-carbon
product was then separated by filtration and washed ten
times on a Biichner funnel with a large quantity of
demineralized water. Finally, the Y-carbon sample was dried
in the air at 120 °C for 12 h. For a detailed description of the
synthesis of the Y-carbon, see ref. 21. XFR analysis was
employed to confirm the quantitative removal of the zeolite
template. Pt/Y-carbon catalysts were prepared by a wet
impregnation method. 100 mg of pre-dried Y-carbon material
at 90 °C overnight was homogenized in a glass vial with 0.67
g of n-hexane containing the required amount of dissolved
(1,5-cyclooctadiene) dimethylplatinum(u) (Pt(cod)(Me),) to
obtain the target Pt loading. The impregnated material was
dried at 90 °C overnight and reduced in a stream of nitrogen
or hydrogen at 250 °C at a heating rate of 3 °C min .
Samples reduced in nitrogen and hydrogen were denoted as
Pt/Y-carbon(N,) and Pt/Y-carbon(H,), respectively. Activated
carbon (Sigma-Aldrich, PN 31616, LN BCCG4825) denoted as
AC, alumina (Sasol-Disperal HP-14/2, PN 535100, LN 76674)
calcined at 500 °C in air for 3 h and silica (Aerosil Evonik
200) were used to prepare the Pt/AC, Pt/Al,O; and Pt/SiO,
catalysts. Platinum was introduced into these materials
analogously to the preparation of Pt/Y-carbon catalysts.

2.2 Characterization of materials

The structure was analysed by X-ray diffraction (XRD) using a
MiniFlex600 diffractometer (Rigaku) working in Brag-
Brentano (6/26) geometry with a 1D D/teX Ultra silicon strip
detector and Kp filter. CuK,; (4 = 0.15418 nm) and CuK,, (4 =
0.15405 nm) radiation was used. The diffractograms were
obtained for an angle of 26 in the range of 2° to 80°, step size
0.01° and with data collection speed of 5° min". The porosity
of the carbon materials was determined by nitrogen
adsorption at the boiling temperature of liquid nitrogen (77
K). Before the adsorption experiments, the samples were
degassed at 240 °C for at least 24 h to ensure complete
surface cleaning. Experiments were performed using an
ASAP2010 instrument (Micromeritics). The BET (Brunauer-
Emmett-Teller) theory was used to evaluate the total surface
areas. The porosity distribution was evaluated by the original
density functional theory using the N, - DFT model with
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non-negative regularization. High-resolution transmission
electron microscopy (HR-TEM) analysis was carried out using
a JEOL JEM 2010 instrument with an accelerating voltage of
200 kV, a La-Bs filament as an electron source, and a
resolution of the lattice image of 0.14-0.2 nm. The Image]
software was used to analyse the size distribution of the Pt
clusters. The measurement of 200-500 Pt nanoparticles was
used as a basis for the calculation of the mean particle
diameter, d

PRpILL (1)
2on
and the mean diameter of the volume-area, dy,.
> md;®
dyp = =80 2
VA Znidiz ( )

The mean diameter of the volume-area was used for the
calculation of the Pt dispersion (D), assuming a face centred
cubic structure and spherical Pt clusters typical of Pt
nanoparticles® and characteristic of all the measured
samples.

VPt/ Qpt

D=6
dva

(3)

Here vp, is the volume occupied by an atom of Pt and ap, is
the surface area occupied by an atom of Pt on a
polycrystalline surface.

XPS measurements were made using a VG ESCA3 MKII
electron spectrometer with a base pressure less than 107°
mbar. Al K, radiation was used for the excitation of electrons.
The electrons were energy analysed using a hemispherical
analyser operating at a constant pass energy of 20 eV. The
spectra were calibrated by setting the C 1s peak that belongs
to the sp” component at a binding energy of 284.5 eV. The
estimated error in the determination of the binding energy
was 0.1 eV. The determination of Pt concentration was
performed by inductively coupled plasma ionization mass
spectrometry (ICP-MS) on an Agilent 7900 spectrometer.

2.3 Analysis of benzene hydrogenation

The hydrogenation of benzene was carried out in a 550 ml
stirred, pressure batch reactor (Hastelloy C-22, VSK Pardubice)
at a temperature of 100 °C and a pressure of 10 bar with
n-heptane as a solvent. 190 ml of n-heptane, 10 ml of benzene
and 10 mg of catalyst were introduced into the reactor. The
reactor was purged with nitrogen and heated to a temperature
of 100 °C. Then hydrogen was introduced with a total pressure
of 10 bar, which was maintained at a constant value by
replacing the consumed hydrogen. The reactor was stirred with
a U-stirrer at 150 rpm. Samples were taken every 15 min during
the first hour of reaction and every 60 min thereafter. The
product analysis was performed using a gas chromatograph
(Agilent 6850 Series) equipped with a capillary column (Rtx-
volatile amines, 100 m x 0.32 mm x 5 pm) and an FID detector.
Catalytic tests were carried out at least twice for all catalysts and
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a high measurement reproducibility of 3 rel% was achieved
(Fig. S17). To exclude the possible effects of external diffusion,
the catalytic test was performed for the most active catalyst at
speeds of 100, 150 and 200 rpm, where practically the same
conversions were obtained for all speeds. The catalytic activity
of each zeolite was defined in terms of conversion of benzene
(xg), catalyst productivity calculated per gram of catalyst and the
turnover frequency (TOF) calculated per amount of Pt in the
catalyst (TOFyp), and per Pt available on the surface of the Pt
clusters in the catalyst (TOFgy,¢ py) from low conversion values.
The effect of internal diffusion was ruled out by the analysis of
Pt/Y-carbon catalysts with different concentrations of active Pt
clusters, when a linear dependence was found between the
catalytic activity and the concentration of Pt clusters from the
smallest to the largest concentration of Pt clusters used in the
study.

3. Results and discussion

3.1 Synthesis and structural analysis of zeolite-templated 3D
graphene-like carbon material

The 3D graphene-like carbon material, denoted Y-carbon,
was prepared using a zeolite with a structural topology of
faujasite (Si/Al = 6) as a hard template and chemical vapour
deposition with propene (C3H¢-CVD) as a carbon source. The
preparation of Pt/Y-carbon catalysts is illustrated in Fig. 1.

In the first step, carbon was introduced into the pores of
zeolite using C3He-CVD at a temperature of 750 °C, where
C3;He undergoes a complex catalytic transformation at the
present acid centres to form polyaromatics that gradually fill
the structure of the zeolite channel. In a subsequent step, at
a temperature of 900 °C in a helium stream, the carbon
confined in the zeolite channels is graphenized with the
formation of a defective graphene-like layer around the walls
of the =zeolite channel. In the next step, zeolite is
quantitatively removed from the resulting carbon/zeolite
composite by dissolving it in hydrofluoric and hydrochloric
acids to release the 3D graphene-like carbon material.

Fig. 2 shows representative HR-SEM and HR-TEM images
of the zeolite faujasite used as a hard template, the carbon/

C3He-CVD
L g2 750°C
R———

<§(/:'/<,<(® He
W .
K 900°C, 3h

Y-carbon

FAU-carbon composite

FAU zeolite

Pt
impregnation

Pt
reduction
—_—
Ho/N,
250°C

e
Pt(cod)(Me),
in hexane

® pp

3 & pt0
Pt2*/Y-carbon

Y-carbon Pt%/Y-carbon

Fig. 1 Synthesis scheme of zeolite-templated Y-carbon and

subsequent deposition of Pt clusters on the Y-carbon surface.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 HR-SEM (A-C) and HR-TEM (D-F) images of the parent faujasite
zeolite (A and D), Y-carbon/zeolite composite (B and E) obtained by
C3Hg-CVD at 750 °C and graphenization in He at 900 °C, and the final
Y-carbon material (C and F).

zeolite composite, and the resulting Y-carbon material. HR-
SEM images show the same external morphology of the
zeolite crystals, the carbon/zeolite composite, and the
resulting Y-carbon material characteristic of the preparation
of carbon structures by nanocasting of a hard template. Fine
crystal lattice fringes observed in the HR-TEM image of the
carbon/zeolite composite indicate preservation of the zeolite
structure during formation of the carbon structure during
CVD and graphenisation at high temperatures. The HR-TEM
image of Y-carbon shows the presence of less rendered lattice
fringes, indicating regularity of the imprinted
channel structure of the zeolite into Y-carbon with the
presence of defects and a lesser degree of regularity
compared to the crystalline structure of the zeolite. The HR-
TEM images also revealed that the layered structure of the
stacked graphene layers is not present in a substantial
amount on the surface of the crystals, indicating that the
carbon material was exclusively formed in the channel
structure of the zeolite where there is not enough space for
the formation of multilayer graphite structures.'*?' The
chemical analysis performed by XRF confirmed the absence
of Al and Si in the resulting Y-carbon material within the
sensitivity of the method. The X-ray diffraction pattern of
Y-carbon (Fig. 3A) shows an intense signal at 6° 2 theta
characteristic of the spacing between the basal diffraction
planes given by the replication of the building units of the
faujasite template in Y-carbon. The diffractogram is
characteristic of a well-developed zeolite-templated carbon

inverse
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material'**! and is consistent with TEM analysis; it does not
show the presence of a graphitic phase. The spatial
limitations imposed by the size of the channels do not allow
graphitization of the carbon deposited in the channels even
at high temperatures.”® The nitrogen adsorption-desorption
isotherms at 77 K for the Y-carbon material are shown in
Fig. 3B. The isotherms exhibit high adsorption at low relative
pressures P/P, < 0.1 due to the filling of the micropores.
Adsorption at higher pressures and hysteresis can be
attributed to the filling of the mesopores created by imperfect
replication of the zeolite structure and to adsorption on the
external surface of the particles and in interparticle voids.
The obtained specific surface area of 2443 m*> g™* is close to
the theoretical surface of graphene of 2630 m*> g and the
total pore volume of 1.33 ecm® g™ with a predominance of
micropores of 1.23 cm® g™* is close to the theoretical volume
of a non-defective zeolite replica of the faujasite channel
structure of 1.45 cm® g™ calculated by Kim et al'® The
specific surface area of Y-carbon is consistent with the
formation of a monolayer structure without significant
formation of stacked layers of carbon. The *C MAS NMR
spectra of the Y-carbon sample in Fig. 3C exhibit two peaks
with chemical shift at 124.0 ppm and 129.3 ppm
characteristic of sp> hybridized carbon. The peak at 124.0
ppm can be attributed to six-membered-rings and the peak at
129 ppm can be assigned to five- or seven-membered rings.'*
The signal attributable to sp* hybridization is not present in
the spectrum, which is consistent with the highly
predominant graphene-like deformed planar Y-carbon
structure without a significant presence of sp® hybridized
carbon with tetrahedral geometry.

Understanding the structure of zeolite-templated carbon
materials at the molecular level has received considerable
attention in the scientific literature. Ma et al.*® described the
structure as curved graphene, whose curvatures resemble the
spatial orientation of the inner zeolite nanochannel. Nishihara
et al” described the structure of the carbon material as an
assembly of individual nanometer-sized non-folded graphene
fragments, which are curved like buckybowls resembling zeolite
channels in their spatial orientation. Later, Nueangnoraj et al.*®
depicted zeolite-templated carbon as a three-dimensionally
ordered, cross-linked fullerene-like structure. Finally, the
structure was solved at the molecular level by Kim et al.'* who

S, =2443m?g’

V. =133cm3g’

) sp

BET
*C CP/IMAS

*
total

3C VFIMAS

micro
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‘o
> +— g’. e
= Q 5

§ Ty & 500
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Fig. 3 Structural characterization of the Y-carbon material used for the preparation of Pt/Y-carbon catalysts. A) The powder X-ray diffraction
pattern, B) the N, adsorption isotherms at 77 K, and C) the *C MAS NMR spectra.
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showed that the carbon structure is systematically built from
hexagonal rings of carbon atoms as 3D graphene spatially
arranged as zeolite pore walls with the presence of many defects
whose population depends on the method of synthesis. The
analysis of Y-carbon using complementary HR-TEM, XRD, N,
adsorption and *C MAS NMR methods showed that its
structure is characterised by i) the inverse channel structure of
zeolite with defects and a lower degree of regularity compared
to zeolite, ii) the specific surface area of 2443 m* g* close to the
theoretical surface of graphene 2630 m”> g and the total pore
volume of 1.33 cm® g™ close to the theoretical volume of a non-
defective zeolite replica of the faujasite channel structure of
1.45 cm® g (ref. 14) and iii) the predominant graphene-like
deformed layers without significant formation of stacked layers
of carbon and without a significant concentration of sp’
hybridized carbon with tetrahedral geometry.

3.2 Platinum nanoparticles in the zeolite-templated 3D
graphene-like carbon material

Platinum was introduced into the Y-carbon material by
impregnation with a solution of (1,5-cyclooctadiene)
dimethylplatinum(u) in n-hexane and subsequent reduction
(Fig. 1). Fig. 4 shows representative HR-TEM images and the

Fig. 4 Effect of Pt loading and the reducing atmosphere (N, or H, at
250 °C for 3 h) on the size of platinum nanoparticles in Pt/Y-carbon
catalysts. Representative HR-TEM images and the corresponding
distributions of the Pt cluster sizes for A) 3Pt/Y-carbon(N,), B) 3Pt/Y-
carbon(H,), C) 8.6Pt/Y-carbon(N,), D) 8.6Pt/Y-carbon(H,) and E)
24.7Pt/Y-carbon(N,).
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corresponding analyses of the distributions of the Pt cluster
sizes of Pt/Y-carbon materials reduced in a stream of nitrogen
or hydrogen at 250 °C. The mean particle diameters for
nitrogen treated samples were 1.3 nm and 1.4 nm for 3Pt/Y-
carbon and 8.6Pt/Y-carbon, respectively, and for those
calcined in hydrogen 2.6 nm and 3.1 nm for 3Pt/Y-carbon
and 8.6Pt/Y-carbon, respectively. Pt/Y-carbon with a very high
Pt concentration of 24.7 wt% was prepared using the same
method of impregnation and nitrogen reduction. A
representative HR-TEM image and analysis of the platinum
particle size distribution show the presence of uniform, very
well dispersed Pt clusters with an average size of 1.7 nm. This
indicates the extraordinary ability of the Y-carbon material to
disperse a great number of metal nanoclusters. We assume
that the high dispersity of Pt even with high Pt loading can
be ensured by the very high surface of the carbon support
and the very high concentration of defects (holes, vacancies)
present on the support enabling the stabilization of Pt
clusters. The Pt dispersion (D) was calculated from the
volume-area mean diameter assuming a face centred cubic
structure and the spherical Pt clusters typical of Pt
nanoparticles* and the characteristic of all measured
samples are listed in Table 1. Determining the surface Pt
atoms from the cluster size distribution overcome the
problems associated with the use of titration of the surface
Pt sites with H,. When analysing the hydrogen adsorption on
the platinum-free Y-carbon surface, we observed significant
hydrogen adsorption on the defect centres of the very large
Y-carbon surface.”’ The degree of hydrogen spillover is then
further enhanced by the presence of Pt (ref. 29) and the large
strength of the hydrogen bonds on the defect centres leads to
difficulties in distinguishing adsorption on the various
surfaces, leading to a non-negligible analysis error. On the
contrary, careful analysis of the dispersion using HR-TEM
microscopy provided a sufficiently accurate estimate of the
dispersion of Pt.

The XRD patterns of the samples treated in a stream of
hydrogen and nitrogen are shown in Fig. 5. All the samples
exhibit characteristic peaks of the (111), (200), (220) and (311)

Table 1 Characteristics of Pt catalysts

Pt loading d dya° p?
Sample Wit% nm nm %
3Pt/Y-carbon(N,) 3.0 1.3+0.6 1.8 62.4
3Pt/Y-carbon(H,) 3.0 2.6+ 0.8 3.0 37.5
8.6Pt/Y-carbon(N,) 8.6 1.4+0.3 1.6 70.2
8.6Pt/Y-carbon(H,) 8.6 3.1+1.6 4.8 23.4
24.7Pt/Y-carbon(N,) 24.7 1.7+ 0.5 1.9 59.1
3Pt/AC(H,) 3.0 2.3+0.9 3.1 36.3
3Pt/Si0,(H,)” 2.9 2.8+1.0 3.6 31.2
3Pt/AL,05(H,) 2.8 2.6 £2.0 5.1 22.0

“ Reduced at 350 °C. ” Mean particle diameter from HR-TEM
analysis. © The mean diameter volume-area from HR-TEM analysis.
9 The Pt dispersion calculated with the assumption of the face-
centred cubic crystal structure and spherical Pt clusters.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 XRD analysis of the effect of the reducing atmosphere (N, or
H, at 250 °C for 3 h) on Pt in Pt/Y-carbon materials.

planes of the face-centred cubic (fcc) crystal structure of
platinum.*® Samples processed in a hydrogen atmosphere
exhibit much sharper peaks, reflecting the larger size of the
platinum nanoparticles, in agreement with the results of the
TEM analyses.

The XPS spectra of the Pt 4f lines were used to analyse the
oxidation state of Pt. Fig. 6 depicts the spectra after
impregnation with Pt*" and after treatment in a nitrogen or
hydrogen atmosphere at 250 °C. The spectrum of the

Pt 4f

73.6

A)

‘ 75.2 ‘ o experimental data
.. |—sum of Pt’ and Pt*

Intensity

Q

reduced in N,

e

60 65 70 75 80 85 90
Binding Energy (eV)

Fig. 6 XPS analysis of the effect of the reducing atmosphere (N, or H,
at 250 °C for 3 h) on Pt in 8.6Pt/Y-carbon materials. XPS Pt 4f spectra
of A) the 8.6Pt/Y-carbon material after impregnation with Pt?* and
drying and after reduction in an atmosphere of B) H, or C) N, at 250
oC for 3 h. XPS spectra are fitted with lines of Pt° and Pt?*.
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impregnated sample exhibits a characteristic doublet with
binding energy maxima at 73.6 and 76.8 eV, characteristic of
Pt**.*! Treatment in both atmospheres led to the formation
of a doublet with maxima 71.8 and 75.2 eV, characteristic of
metallic platinum.*’ Deconvolution of the spectra shows that
the reduction of Pt*" to Pt’ occurred to the same extent in
both atmospheres. This suggests that reduction in the
nitrogen environment probably takes place with the
participation of the hydrocarbon ligand in the Pt source or
the Y-carbon support, and this leads to a much better
dispersion of Pt compared to that of reduction in hydrogen.

The HR-TEM, XRD and XPS analyses showed that the
Y-carbon material enables the accommodation of very high
concentrations of well dispersed Pt clusters of the face-
centred cubic crystal structure with a smaller mean diameter
of Pt nanoparticles obtained by treatment in a nitrogen
atmosphere (d ~ 1.5 nm) compared to a hydrogen
atmosphere (d ~ 3 nm).

To analyse the properties of Pt/Y-carbon materials
compared to those of commonly used Pt catalysts, we
supported Pt on commercial oxide supports (alumina and
silica) and also on activated carbon. We attempted to prepare
a series of Pt-catalysts with the same Pt concentration and
similar Pt dispersity, so that the effect of the Y-carbon
support on the catalytic activity and selectivity could be
analysed. The combination of XRD analysis and N,
adsorption for the used supports exhibited the characteristic
structure of m-alumina and an amorphous silica structure
with well-developed surfaces suitable for catalyst preparation
(Fig. S2 and Table S1t). Activated carbon material is
characterized by a well-developed porous structure and large
specific surface area (Fig. S2 and Table S1f). Characteristic
HR-TEM images for the series of 3Pt/Al,03(H,), 3Pt/SiO,(H,),
3Pt/AC(H,) and 3Pt/Y-carbon(H,) catalysts with a particle size
distribution of Pt are shown in Fig. 7. All materials are

Fig. 7 Representative HR-TEM images and the corresponding size
distributions of Pt clusters for a series of Pt-catalysts with similar Pt
loading (~3 wt%) and similar cluster size of ~3 nm on different
supports (Y-carbon, activated carbons, alumina and silica).
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Fig. 8 Effect of catalyst support on the catalytic activity of Pt-
catalysts in hydrogenation of benzene to cyclohexane for a Pt load of
~3 wt% of Pt and the close mean size of Pt clusters (2.3-2.8 nm).

characterized by a similar mean particle size of Pt (2.3-2.8
nm) and a Pt concentration of 2.8-3 wt%. The X-ray
diffraction patterns of the samples exhibit peaks
characteristic of the planes (111), (200), (220) and (311) of the
face-centred cubic (fcc) crystal structure of platinum with a
similar half-width of the characteristic Pt bands, also
indicating a similar size of the Pt clusters on all the supports

(Fig. S37).

3.3 Hydrogenation of benzene

3.3.1. Effect of the support on the activity of Pt in the
hydrogenation of benzene. The conversion of benzene to
cyclohexane as a function of the reaction time and the
corresponding TOF values for 3Pt/Al,03(H,), 3Pt/SiO,(H,), 3Pt/

View Article Online
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AC(H,) and 3Pt/Y-carbon(H,) catalysts are shown in Fig. 8 and
Table 2. Cyclohexane is the only detected product of the
reaction. The high selectivity of the reaction is due to the much
greater reactivity of partially hydrogenated Cgs cyclic
hydrocarbon intermediates compared to the benzene molecule
stabilized by electron delocalization and the high pressure of
hydrogen used in the catalytic reaction. The conversion of
benzene to cyclohexane and the corresponding TOF values are
slightly larger for Pt/Y-carbon compared to those of the other Pt-
catalysts. The TOFqyf. pe 9.1 mol ggyr. pe & s ! value for 3Pt/Y-
carbon compared to the TOFg,s p¢ values of 6.5-7.7 mol g
p - s ' for other Pt-catalysts indicates a slight synergistic effect
of the Pt clusters and the Y-carbon substrate. Lin and Vannice®
studied the effect of different Pt nanocluster supports on activity
in benzene hydrogenation and attributed the activity differences
to the contribution of the metal-support interfacial region in
which benzene is adsorbed and reacts with hydrogen atoms
migrating from the surface of the Pt clusters. The results of
Antonucci et al.*® showed that atomic hydrogen can migrate to
micrometric distances from Pt clusters and hydrogenate the
adsorbed benzene molecule distant from the metal cluster. We
observed the adsorption and reactivity of hydrogen in
hydrogenation reactions on pristine metal-free Y-carbon in our
previous study,*' where large adsorption of hydrogen on Pt/ZTC
was also observed by Alam et al.** Nishihara et al.> found a very
significant hydrogen spillover through the supported Pt
nanoparticles to the carbon surface on Pt/ZTC which already
had a Pt loading of 0.2 wt% Pt. Therefore, it is obvious that the
very large surface area of Y-carbon could contribute to the
increase in activity. However, it cannot be excluded that changes
in the specific activity could also be associated with a change in
the electronic properties of the Pt clusters due to interaction
with the conductive layer of graphene. Electronic interactions of
metal nanoclusters with the graphene surface can be very
complex in nature®® and their impact on catalytic activity has
not yet been investigated. It is clear that the Pt clusters in the
3Pt/Y-carbon material effectively catalyse the reaction of
selective hydrogenation of benzene to cyclohexane and their
TOF values are slightly enhanced compared to the TOF for Pt
nanoparticles of similar sizes on the analysed standard
supports.

3.3.2. The activity of Pt/Y-carbon catalysts in benzene
hydrogenation. Fig. 9 and Table 3 show the effects of the Pt
loading and reduction pre-treatment in the atmosphere of N, or

Table 2 The effect of catalyst support on catalytic activity in benzene hydrogenation for Pt-catalysts with the same Pt concentration and the close

mean size of Pt clusters (2.3-2.8 nm)

xg” Catalyst productivity” TOFp TOFgut. pe”
Sample % mol gea ' s mol gp ' 57! mol Zurf. pe - 5"
3Pt/Y-carbon(H,) 3.4 1.0x107* 3.4x107° 9.1x107°
3Pt/AC(H,) 2.4 0.7 x107* 2.3x107° 6.5 %107
3Pt/Si0,(H,) 2.3 0.7x107* 2.4x10° 7.7%x10°
3Pt/Al,05(H,) 1.7 0.5x107* 1.7x107° 7.6x107°

“ The conversion at a reaction time of 60 min. ? Calculated per gram of catalyst. © Calculated per Pt in the catalyst. ¢ Calculated per Pt

available on the surface of the Pt clusters in the catalyst.
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Fig. 9 Effect of the Pt loading and the reducing atmosphere (N, or H,
at 250 °C for 3 h) on the activity of Pt/Y-carbon catalysts in the
hydrogenation of benzene to cyclohexane.

H, on the activity of Pt/Y-carbon catalysts in the hydrogenation
of benzene to cyclohexane. The conversion of benzene increases
with increasing Pt concentration, with greater conversions being
attained for Pt/Y-carbon samples reduced in a nitrogen
atmosphere. The conversion at 60 min increased from 4.6 to
14.9 and 29.9% for Pt/Y-carbon(N,) catalysts with increasing Pt
loadings from 3.0 to 8.6 and 24.7 wt% Pt, respectively. An
increase in conversion at 60 min was obtained from 7 to 14.9%
for the nitrogen-reduced 8.6Pt/Y-carbon compared to the
hydrogen-reduced sample. It is clear that the dispersion and
amount of Pt are decisive for the activity, while the activity
increases even for a very large Pt loading. The TOF¢. p; values
calculated for the surface Pt atoms are slightly higher for the
hydrogen-reduced samples compared to the nitrogen-reduced
samples, e.g. 7.5 x 10> and 8.0 X 10> mol gyt p * s for 3Pt/Y-
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carbon(N,) and 8.6Pt/Y-carbon(N,), respectively, compared to
9.1 x 107 and 11.1 x 107 mol gy pc * s * for 3Pt/Y-carbon(H,)
and 8.6Pt/Y-carbon(H,), respectively. This is consistent with the
greater specific activity of the surface Pt sites on the larger Pt
clusters in the hydrogen-reduced samples. By comparing activity
Pt clusters with different defined sizes, Pushkarev et al>°
showed that benzene hydrogenation is sensitive to the size of
the cluster, with a slight increase in the specific activity of the
surface Pt sites with an increase in the Pt cluster size from 1.5
to 3 nm. However, the increase in the specific activity of the
surface Pt sites is not large and the total amount of surface Pt
atoms, which increases with the square of decreasing size of the
Pt clusters, is decisive for the activity of the catalyst. This is
shown in the much greater benzene conversions and the larger
TOFyp, calculated for the total Pt content in N,-reduced catalysts
with smaller clusters and correspondingly much greater Pt
dispersion. Thus, the dominant parameter for the activity of the
catalyst is the large dispersion of Pt, which provides a much
greater concentration of surface Pt sites.

The apparent activation energies (E,) estimated for the
3Pt/Y-carbon(N,), 3Pt/Y-carbon(H,) and 3Pt/AC(H,) catalysts
from the Arrhenius plots are shown in Fig. 10. The E, for
cyclohexane production for the two Pt/Y-carbon catalysts were
very close, around 62 k] mol™, indicating a similar reaction
mechanism, which is independent of the catalyst preparation
procedures. A significantly lower E, of 29.2 k] mol " was
obtained for Pt supported on activated carbon. The difference
in E, indicates that the incorporation of Pt clusters into the
specific structure of the Y-carbon modifies the mechanism of
the hydrogenation process. The higher E, values for the 3Pt/
Y-carbon catalysts compared to 3Pt/AC(H,) were compensated
for by a three orders of magnitude larger pre-exponential
factor, ¢f InA -0.5 for 3Pt/AC(H,) vs. InA 10.8 for 3Pt/Y-
carbon(N,) and 3Pt/Y-carbon(H,). The E, of 3Pt/Y-carbon is
also higher than the E, of 34.7 and 45.6 kJ mol™ observed by
Bratlie et al'' for the hydrogenation of benzene in
cuboctahedral and cubic Pt nanoparticles deposited in Si
wafers.

To analyse the stability of the catalytic activity of the Pt/Y-
carbon catalysts, catalytic performance was monitored with
reused catalysts without any treatment or reactivation
between three subsequent catalytic tests. Reuse of the 8.6Pt/
Y-carbon(H,) catalyst gave catalyst productivity after 180 min
of 1.87 x 107, 1.92 x 10™* and 1.01 x 10™* mol g.,. " s, after

Table 3 The catalytic activity of Pt/Y-carbon catalysts in hydrogenation of benzene to cyclohexane

xg” Catalyst productivity” TOFp" TOF gyt pi
Sample % mol g ' s mol gp ' 57! mol geurr. pt S
3Pt/Y-carbon(N,) 4.6 1.4x107* 4.7 x107° 7.5x107°
3Pt/Y-carbon(H,) 3.4 1.0x107* 3.4x107° 9.1x107°
8.6Pt/Y-carbon(N,) 14.9 4.8 x107* 5.6 x 107 8.0x107°
8.6Pt/Y-carbon(H,) 7.0 2.2x107* 2.6 X107 11.1%x107°
24.7Pt/Y-carbon(N,) 29.9 10.6 x 107 4.3x107° 7.3x107°

“ The conversion at a reaction time of 60 min. ? Calculated per gram of catalyst. © Calculated per Pt in the catalyst. ¢ Calculated per Pt

available on the surface of the Pt clusters in the catalyst.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 The Arrhenius plot for hydrogenation of benzene to
cyclohexane over 3Pt/Y-carbon catalysts compared to 3Pt/AC(H,).

the first, by the second and third use, respectively. After the
third use, there was a noticeable decrease in the catalytic
efficiency. The size of the Pt clusters present on the three
times used catalyst was analysed by HR-TEM and no change
in the size distribution was observed (Supplement S57).
Gradual deactivation during benzene hydrogenation on
supported Pt catalysts was previously observed by Pushkarev
et al.*® who explained the gradual decrease in activity by the
accumulation of the polymeric surface carbon species, which
are formed during reaction on the Pt clusters. Since we did
not observe sintering of Pt clusters during the catalytic test,
the observed gradual deactivation could be explained by the
same mechanism. The polymeric surface carbon species can
be removed in most cases and the initial activity restored by
repeating the catalyst reduction treatment in hydrogen or
steam,®® however, the investigation of suitable reactivation
conditions is the subject of further studies.

Fig. 11 depicts the dependence of the initial catalyst
productivity on the amount of surface Pt. The increase in the
catalytic activity of the catalysts proportional to the increase
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Fig. 11 Dependence of the catalyst productivity on the amount of
surface Pt in the hydrogenation of benzene to cyclohexane over Pt
catalysts.
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in the concentration of Pt centres in a wide range of Pt
concentrations from 3 to 24.7 wt% Pt indicates that the
reaction is not limited by mass transport even at a very large
concentration of active sites. The 3D porous structure given
by the replication of the large pore 3D zeolite template
enables good accessibility to all the active centres.

A comparison of the activity of the 8.6Pt/Y-carbon catalyst
with the commercial 10Pt/carbon catalyst based on activated
carbon is depicted in Fig. S6.;f The comparison shows higher
conversions of benzene achieved on 8.6Pt/Y-carbon despite
the slightly higher concentration of Pt in the commercial
catalyst. The result is consistent with the higher activity
observed for 3Pt/Y-carbon compared to the 3Pt/AC catalyst
prepared by depositing Pt clusters on activated carbon in our
study. The result is also consistent with the results reported
by Liao et al.,”” who showed that nanometer-sized Pt clusters
deposited on the surface of single-walled carbon nanotubes,
which are formed like Y-carbon by a single layer of spatially
ordered graphene, provide much greater catalytic activities
compared to commercially available carbon-supported Pt
catalysts.

Table S31 compares the productivity of the most active
24.7Pt/Y-carbon(N,) catalyst with Pt supported catalysts of
various structures and compositions found in the literature.
The productivity for the 24.7Pt/Y-carbon(N,) is 10.6 x 10~
mol g, ' s, while for the Pt supported catalyst based on
activated carbon, mesoporous silica and other oxide
supports, it is typically in the 6.11 x 1077-6.33 x 10~> mol
Zear - s range.’>¥ 7% Although the conditions of the
catalytic tests are different in individual studies, the Pt
deposited on conventional supports generally exhibit lower
productivity than the 24.7Pt/Y-carbon(N,). Comparison of the
productivity of Pt/Y-carbon catalysts with the productivity of
the prepared Pt catalysts with deposited Pt clusters on
conventional supports (Table 2, Fig. 8) and with a
commercial Pt carbon catalyst (Fig. S61) and comparison with
published data on benzene hydrogenation on Pt catalysts
(Table $31)**%77*° show that the arrangement of the Pt
clusters in the 24.7Pt/Y-carbon(N,) provides significantly
higher activity compared to conventional Pt supported
catalysts. This emphasizes the unique activity of the Pt active
sites in the Pt/Y-carbon catalysts. To show the versatility of
the Pt/Y-carbon catalyst, the hydrogenation of ethylbenzene
was also performed. Comparison of the catalytic activity of
8.6Pt/Y-carbon(H,) in the hydrogenation of benzene and
ethylbenzene in Fig. S71 shows a higher conversion achieved
during the hydrogenation of ethylbenzene. A higher
conversion of alkyl benzenes compared to benzene has been
reported in the literature for some metal-supported
catalysts.”*!

The Y-carbon material thus enabled the formation of
catalysts with a unique large concentration of well-dispersed
and fully functional Pt clusters, whose practical use,
however, may be limited to special applications due to the
high price of the precious metal. Nevertheless, the well-
defined and functionally well-understood Pt catalysts

This journal is © The Royal Society of Chemistry 2023
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illustrate a concept for the formation of catalysts with a very
high concentration of supported metal clusters for
heterogeneously catalysed reactions. The concentration and
dispersion of supported metal nanoparticles are decisive for
the functioning of a large number of important catalytic
processes. It can be assumed that, as was shown for Pt/Y-
carbon, the structure of ZTC materials can be exploited for
the deposition of very high concentrations of other active
metal nanoparticles.

4. Conclusions

Our findings suggest that 3D graphene-like microporous
Y-carbon synthesized in a zeolite template with a specific
surface area comparable to the theoretical surface area of
graphene and curved surface accessible through the channel
system enables accommodation of very large concentration of
well dispersed Pt nanoparticles. With a comparable Pt
loading in catalysts (~3 wt%) and a similar size distribution
of the Pt clusters, Pt/Y-carbon provides only slightly increased
activity compared to Pt on standard Al,03, SiO, and activated
carbon supports. However, Pt/Y-carbon catalysts can be
prepared with a very wide range of metal loadings up to at
least 25 wt% with very good dispersion of the metal particles.
Due to the 3D-organised open porous structure that allows
access to the active centres, the TOFp, values are comparable
even for very large Pt loadings. The catalytic activity of Pt/Y-
carbon is thus directly proportional to the Pt loading, and
the high concentration of active Pt sites results in
extraordinarily high activities in the hydrogenation of
benzene to cyclohexane. The productivity of the most active
catalyst reaches very high values of 1.06 x 10 mol g, ' s,
exceeding by many times the common catalysts described in
the literature, however, upon repeated use, the catalyst
gradually deactivates, which is not caused by the sintering of
Pt clusters, but may be associated with the formation of
hydrocarbons deposits. The Pt nanoparticles supported on
zeolite-templated Y-carbon are an example of a new class of
ZTC metal-supported catalysts providing a very large
concentration of metal sites on a readily accessible 3D-
organized porous support.
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